Abstract. In the present study, an icosahedral single phase bulk quasicrystalline material based on Al 62 Cu 25.5 Fe 12.5 has been synthesised by a spray forming route. Microstructural characterization showed an average grain size of 10 mm. The oversprayed fine powder showed the presence of b-and lphases, whereas, the deposit consited of the fully single phase bulk quasicrystalline material with compositional homogeneity. The hardness and fracture toughness measurements were carried out at different indentation loads of 50-500 g. The hardness values varied in the range 10.4-8.1 GPa and fracture toughness was seen to decrease with increasing load. The varionan of hardness with load, which is known as indentation size effect (ISE), has been established clearly. Fracture toughness value was constant in the load range from 200 to 500 g at 1.2 MPa m 1/2 . The cracking pattern after indentation at higher load has been observed to be intergranular as well as transgranular. The evolution of the single phase bulk quasicrystalline material has been discussed in light of the unique combination of atomization and deposition process elements in spray forming technique.
Introduction
The Al--Cu--Fe alloy system in the composition range of 58--70 at% Al and 20--28 at% Cu and 10--14 at% Fe, containing stable quasicrystalline (QC) phases, has been extensively studied [1] [2] [3] [4] [5] [6] [7] . In general, the processing routes employed for such materials are restricted to melt spinning [3] , melt atomization [8] , mechanical alloying [4] [5] [6] [7] and plasma spraying [9] . Further, conventional casting route [2, [10] [11] has also been employed but with a little success in obtaining a single phase QC material. The conventional casting route for Al--Cu--Fe system leads to the formation of quasicrystalline phase along with several other intermetallic phases. This arises due to an incomplete peritectic reaction among liquid phase, b-AlFe(Cu) and lAl 13 Fe 4 phases during solidification. The phase selection during solidification is dependent to a large extent upon the cooling rate and the undercooling during solidification. It has been seen in many alloy systems that a prolonged post-annealing is required to lead to a single phase. It has also been reported [1] that no single phase icosahedral structure is possible in Al 62 Cu 25.5 Fe 12.5 (at%) system without further heat treatments. However, a cooling rate of 10 6 
Ks
-1 or higher can be used to directly produce icosahedral single phase in Al 62 Cu 25.5 Fe 12.5 (at%) system. Therefore, it seems that a single phase quasicrystalline material can be obtained for these materials at high cooling rate and/or prolonged heat treatment at high temperature of around 750-800 C. This is due to the fact that a high undercooling changes the sequence of solidification from primary intermetallic phases to the icosahedral QC phase. Furthermore, stable quasicrystals are formed from the incomplete peritectic transformation during moderate solidification rate followed by post annealing treatment [2] . Therefore, the synthesis of a single phase bulk quasicrytsalline material is still a challenge due to the above process restriction.
In view of the above and to address the need of bulk single phase quasicrystal, synthesis by spray forming process is explored here as an alternative route. The spray forming process combines two distinct but integral processes of melt disintegration, with a high velocity inert gas jet, into a spray of micron size droplets and its subsequent deposition onto a substrate. The melt disintegration with high velocity gas jet gives rise to rapid solidification effect in the droplets [12] , whereas, subsequent deposition leads indirectly to the annealing effect due to slow cooling from high temperature. Therefore, the aim of the present work is to establish the spray forming route for the production of bulk, dense and chemically homogeneous single-phase icosahedral quasicrystalline Al 62 Cu 25.5 Fe 12.5 alloy.
Experimental details
The spray casting experiment was carried out at the spray forming plant (SK-2) at the University of Bremen, Bre-# by Oldenbourg Wissenschaftsverlag, München * Correspondence author (e-mail: vcsrivas@nmlindia.org or srivastava@iwt.uni-bremen.de) men, Germany. The specified high purity elements were induction melted under nitrogen atmosphere and spray deposited at a gas to metal ratio of 2.81 on a steel substrate kept at a distance of 430 mm. The pouring temperature and melt flow rate were optimized at 1176 C and 361 kg/h, respectively. The spray formed billet weighed around 41 kg having a diameter of 200 mm and height of 350 mm. The spray cast material and the sieved oversprayed powders were analyzed by x-ray diffraction technique using CuK a radiation. Vickers hardness measurements were carried out at different indentation loads (50-500 g) and the crack length starting from the corners of the indentation was measured. The data shown is an average of at least 5 measurements. The polished samples were observed in electron beam microprobe for microstructural examination.
Results
The large size billet was successfully deposited and grown in a monolithic form. However, after completion of the deposition process and during further cooling of the billet, a number of macrocracks were formed at the billet surface. These large size cracks led to fracture and the billet broke to pieces of about 100 mm edge length. The visual inspection of the fracture surface indicated no macropores in the billet and it seemed to be highly dense. The fracture of the billet may be attributed to the thermal gradient present along the radius of the billet. The thermal stresses thus generated led to fracture of the billet, instead of distortion due to plastic yielding. The low thermal conductivity of quasicrystalline material may add to establish large thermal gradient.
The X-ray diffraction patterns of over-sprayed powders as well as the deposited billet are shown in Fig. 1a-d . It clearly indicates the presence of intermetallic phases lAl 13 Fe 4 , b-AlFe(Cu) and q-Al 2 Cu in powder particles ( Fig. 1a-c) . It is clear that the peaks from these intermetallics are absent in the spray formed material (Fig. 1d) . The intensity of the peaks from q-and l-phases decreased with decreasing powder size indicating increased solid solubility of Cu and Fe, as the cooling rate increases with decreasing particle size. However, there is not much effect of particle size on the peaks of b-phase. The most prominent peak of b-phase disappears in the spray formed material (Fig. 1d) . It is obvious from the figure that spray formed material was fully single phase icosahedral quasicrystal. To confirm the bulk nature of the spray deposited material, X-ray diffraction analysis was carried out on random samples taken from different locations of the billet. Figure 2 shows that all the randomly chosen samples gave a similar pattern as that of Fig. 1d , indicating that the whole billet consists of single phase quasicrystalline material.
The microstructure of the deposit is shown in Fig. 3a which shows the grain size and distribution in backscattered mode. It is clearly seen that the average grain size is around 10 mm. There are some features in black contrast which are pores. In general, porosity is one of the features, which is inevitable in spray forming due to the pos- sibility of gas entrapment. The features similar to annealing twins are observed at some locations. It is not known whether the similar macro-scale twining features were reported earlier in case of Al--Cu--Fe quasicrystals. It will be worth pursuing to find out the condition when such twining transformation takes place. The X-ray element mapping of Al, Cu and Fe is shown in Fig. 3b-d respectively. The uniform elemental distribution indicates that there is no small scale chemical segregation in the material. Therefore, one can conclude that the deposited material is a single phase quasicrystal both at the macroscale (X-ray analysis) and micro-scale.
An attempt has been made to measure the properties of the material so as to compare it with the already published data from other investigators. The hardness values of the deposited material at different applied loads are shown in Fig. 4a . The hardness value is close to 10.4 GPa for a load of 50 g, which decreases with increasing load and values of 8.7 and 8.1 GPa was observed for the loads of 200 and 500 g respectively. This variation of hardness with load is known as indentation size effect (ISE), which is found in several metallic alloys, intermetallics, ceramics and quasicrystals [18] . The nature of this variation is also related to H/E (Hardness and Elastic modulus) parameter in the brittle materials like quasicrystals. It was observed that long radial cracks developed during indentation, starting mainly from the indentation corners. The crack length varied linearly with the applied load, as shown in Fig. 4b . The typical cracks observed after indentation at 200 and 500 g are shown in Fig. 5a , b respectively. It is seen in Fig. 5 that at low load the cracks start mainly from the corners in radial direction and are straight, indicating intergranular crack propagation, whereas, at higher loads, cracks propagate in both the intergranular and transgranular modes. At some places diversion of the crack path is observed along the grain boundaries when indentations are made at higher load. To evaluate the fracture toughness (K IC ) of the material, which reflects the resistance of material to cracking, the following relationship [13] was used employing length of cracks around microindentation.
Where l is the crack length, d the indentation diagonal length, H the hardness, E the elastic modulus and F a constraint factor. The values of F and E has been taken from Giacometti et al. [13] as 3 and 167 GPa respectively. The value of calculated fracture toughness decreased with increasing indentation load (Fig. 4b) . 
Discussion
The recent developments in the area of Al--Cu--Fe based quasicrystalline materials have demonstrated that the synthesis of a single phase bulk quasicrystal is still a challenge. Recently, Nicula et al. [5] have demonstrated that mechanical alloying of elemental powders followed by controlled heat treatment and/sintering may give rise to bulk single phase quasicrystalline material. However, these processes are energy intensive and time consuming. In addition to this, there are several other processes which are employed for producing single phase materials but these processes are not able to synthesise single phase quasicrystal in bulk form. However, it is interesting to see the possible industrial production of single phase quasicrystals for various high end applications, when a suitable processing route is in place. Therefore, the present study aimed at synthesising Al--Cu--Fe based single phase bulk quasicrystal by spray forming. The forced convective heat extraction from small size droplets during melt disintegration leads to high cooling rate (10 3 -10 6 Ks
À1
) and the droplets experience high undercooling [12, 14] . The solidification sequence of the alloy, therefore, would change according to the degree of undercooling [15] . A close look at the pseudo-binary Al--Cu--Fe phase diagram in Ref. [1] would reveal that in highly undercooled droplets, the formation of primary land b-phases will be suppressed and a competitive growth of icosahedral phase would take place in the composition regime of this study. However, once the droplet deposition on the substrate commences and a steady state condition for heat extraction is reached as the thickness of the deposit increases i.e. the heat extraction takes place only through the convective mode of heat transfer under the high velocity gas jet [14] . In this condition, the cooling of the deposit becomes sluggish (10-50 Ks À1 ). Therefore, it is seen that spray forming governs the microstructural evolution by initially suppressing the primary phase formation during rapid cooling of droplets and subsequently maintaining a high temperature in the deposit, during its cooling in the i-phase temperature regime, to support transformation of remnant intermetallic phase obtained from the semi-solid/liquid droplets to quasicrystalline phase. This is evident from the fact (Fig. 1 ) that powder, which was not deposited (i.e. oversprayed) showed the presence of intermetallic phases along with i-phase but the deposit showed no trace of the intermetallic phases. The best possible explanation for this observation is that the refined structure of intermetallics in the deposit and their small fraction due to their suppressed growth may make the subsequent phase transformation in the deposit fast enough so that it completes by the time the deposit cools. This observation, therefore, also corroborates the argument of Saarivirta [1] who envisaged that the maintenance of the microstructure typical to 750 C during the rapid solidification process would be most beneficial to obtain a single phase, since the stability area of single icosahedral phase is the widest at that point among the studied temperatures.
The properties of the quasicrystals studied reveal that the values of hardness and fracture toughness (Fig. 4) are in the regime of those produced by other investigators by employing different routes [1, 13, [16] [17] 18] . The indentation size effect which has been reported for other quasicrystalline materials has been found to exist in the present material. This effect in quasicrystals has been attributed to the elastic recovery effect as the quasicrystalline materials exhibit a high H=E value which is around 0.06 in the present material [18] . Further studies are in progress so as to have an insight into the microstructural evolution mechanism during deposition of this alloy. This may help in a proper control of the processing parameters as well as utilizing the process for incorporating toughness in the material by making composite with incorporation of soft crystalline and/or glassy phases.
Conclusions
In the present investigation, it has been found that a single phase icosahedral quasicrystalline material, based on Al 62 Cu 25.5 Fe 12.5 alloy, could be successfully synthesized by spray casting route, in a single step. Although high cooling rate in atomized particles could not result in single i-phase, spray-cast deposit has given rise to single phase, which can be attributed to the high cooling rate synthesis via atomization and subsequent long time annealing in the deposit during slow cooling. The hardness and fracture toughness (8.7 GPa and 1.2 MPa m 1/2 at the load of 200g) values lie within the regime of already reported values for this alloy system. Indentation size effect has been observed to exist and it was attributed to high H=E ($0.06) value indicating high elastic recovery exhibited by quasicrystalline materials.
